Double parton scattering is investigated in proton-proton collisions at √ s = 7 TeV where the final state includes a W boson, which decays into a muon and a neutrino, and two jets. The data sample corresponds to an integrated luminosity of 5 fb −1 , collected with the CMS detector at the LHC. Observables sensitive to double parton scattering are investigated after being corrected for detector effects and selection efficiencies. The fraction of W+ 2-jet events due to double parton scattering is measured to be 0.055 ± 0.002 (stat.) ± 0.014 (syst.). The effective cross section, σ eff , characterizing the effective transverse area of hard partonic interactions in collisions between protons is measured to be 20.7 ± 0.8 (stat.) ± 6.6 (syst.) mb.
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Introduction
In high-energy proton-proton (pp) collisions at the Large Hadron Collider (LHC), semi-hard parton-parton scattering, producing particles with transverse momenta p T of a few GeV, dominates the inelastic cross section. In such processes longitudinal momentum fractions, given by x ∼ 2p T / √ s, of values down to O(10 −3 ) are probed. At these values of x, the parton densities are large causing a sizable probability for two or more parton-parton scatterings within the same pp interaction [1] . In processes where a W and two jets are produced, the x values are larger, x ∼ 10 −2 , and the parton densities are lower. However, a sizable contribution to double parton scattering (DPS) can still be expected if the second scattering, yielding two jets, occurs at a high rate. The study of DPS processes is important because it provides valuable information on the transverse distribution of partons in the proton [2] and on the multi-parton correlations in the hadronic wave function [3] . DPS also constitutes a background to new physics searches at the LHC [4, 5, 6] .
This paper presents a study of DPS based on W+ 2-jet events in pp collisions at 7 TeV. DPS with a W+ 2-jet final state occurs when one hard interaction produces a W boson and another produces a dijet in the same pp collision. Events containing a W + 2-jet final state originating from single parton scattering (SPS) constitute an irreducible background.
Effective cross section
The effective cross section, σ eff , is a measure of the transverse distribution of partons inside the colliding hadrons and their overlap in a collision. The effective cross section involves the cross section for two processes to occur simultaneously and the cross sections for the individual processes. If A and B are two independent processes, whose production cross sections are σ A and σ B , respectively, σ eff can be written as:
where "m" is a symmetry factor for indistinguishable (m = 1) and distinguishable (m = 2) finalstates and σ DPS A+B is the cross section of the two processes to occur simultaneously. According to various phenomenological studies [7, 8, 9] , the above cross sections should be inclusive. This requirement makes the determination of σ eff independent of the specific mechanisms of the first and second interactions, as well as of the parton distribution functions (PDF). However, in the present analysis an exclusive selection is performed by considering the events with one W boson and exactly two jets with p T > 20 GeV/c and pseudorapidity, η, within ±2. The pseudorapidity is defined as η = −ln[tan(θ /2)], where θ is the polar angle measured with respect to the anti-clockwise beam direction. In the kinematic region of the present study, due to the requirement of having exactly 2 jets, the missing contribution of a larger number of parton scatterings is expected to be small and is estimated, with a sample of simulated events, to be less than 1% of the DPS contribution.
Assuming independent interactions from DPS, σ eff can be rewritten in terms of the cross sections at the stable particle level (defined as lifetime, cτ > 10 mm) within the detector acceptance. For the case of the W + 2-jet process one can define the fraction of DPS events as
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Double parton scattering using W + 2-jet events f DPS = N DPS W+2j /N W+2j , where N W+2j and N DPS W+2j are the yields of the of W bosons associated with two jets and associated with DPS, respectively. The effective cross section, σ eff can be reformulated as
where R is the ration of the yield of W bosons associated with zero jets and the yield associated with DPS, R = N W+0j /N W+2j and σ 2j is the particle-level cross section for W-boson production for dijet events. Thus, the determination of the effective cross section reduces to a measurement of R, σ 2j , and f DPS . For the extraction of the DPS fraction, f DPS , observables that can discriminate between SPS and DPS are needed. For DPS events, the W and the dijet system are independent of each other, while for SPS events they are highly correlated. The present analysis uses the following observables:
• the relative p T -balance between the two jets, ∆ rel p T , defined as:
Here p T (j 1 ) and p T (j 2 ) are the transverse momentum vectors of the leading (in p T ) and subleading jets. In DPS events, at leading order (LO), the two jets balance each other and ∆ rel p T is small, which is not the case for SPS events.
• The azimuthal angle between the W-boson and the dijet system, ∆S, defined as:
where p T (µ, E T ) and p T (j 1 , j 2 ) are the combined transverse momentum vectors of (µ, E T ) and the two jets, respectively, with E T as the missing transverse energy in the event, which is a measure of the transverse energy carried away by the neutrino from the W-boson decay. In DPS events, the W and dijet momentum vectors are randomly oriented, whereas in SPS events the W and the dijet momenta vectors tend to be back-to-back at LO.
Unfolding and comparison with simulations
The sample of W + 2-jet events is selected as discussed in the previous section. The contributions of all backgrounds are subtracted from the data distributions before unfolding.
The distributions of the DPS-sensitive observables for the selected events are corrected for selection efficiencies and detector effects. The shape of the distribution of ∆ rel p T and ∆S is more important than the absolute normalization in the extraction of the DPS fraction. Therefore, the unfolding is carried out for the shapes of the ∆ rel p T and ∆S distributions. The measured distributions are unfolded to the level of stable particles within the folowing phase space: 
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Various simulations at particle level are compared with the fully corrected DPS-sensitive observables:
• MADGRAPH 5 + PYTHIA 8: W+ jets events are generated by means of MADGRAPH 5 [10, 11] followed by hadronization and parton showering using the 4C tune [12] of PYTHIA 8 [13] . The MPI [1] are simulated with the PYTHIA 8 event generator.
• POWHEG 2 + PYTHIA 6: W + 2-jet events are also produced up to NLO accuracy with the POWHEG 2 [14] event generator with the "Multi-scale improved NLO" (MiNLO) method [15] . Hadronization and parton showering is carried out with PYTHIA 6 [16] , tune Z2* [17] .
• PYTHIA 8: W + jets events are generated with the 4C tune of the PYTHIA 8 event generator, which produces hard subprocesses with a W boson and either zero or one additional parton in the final state. It also performs hadronization and parton showering.
A comparison of various simulations for inclusive W production with the corrected distributions is shown in Fig. 1 . The ∆ rel p T and ∆S distributions are properly described by MADGRAPH 5 + PYTHIA 8. The NLO predictions for W + 2-jet production obtained with POWHEG 2 + PYTHIA 6 also satisfactorily describe the data. The PYTHIA 8 simulation underestimates the measurements. This discrepancy is due to the fact that PYTHIA 8 generates only 2 → 1 and 2 → 2 processes and most of the additional jets are produced during parton showering, and have a softer p T spectrum than that measured in data. The difference is mainly in the DPS-sensitive region. Therefore, event generators used to define SPS backgrounds must include a proper implementation of additional hard radiation. If it is not included, the effect of missing hard radiation might be interpreted as a DPS contribution. Without MPI, the LO and NLO predictions from MADGRAPH 5 + PYTHIA 8 and POWHEG 2 + PYTHIA 6 are unable to describe the data shown in Fig. 1 .
Determination of the effective cross section
As discussed in Section 2 to calculate the effective cross section the measurements of DPS fraction, the measurements of the dijet cross section and R are necessary.
The fraction of W + 2-jet events produced by DPS is extracted by performing a template fit using the signal and background templates to the fully corrected distributions of ∆ rel p T and ∆S. The signal template is obtained by randomly mixing independently produced W and dijet events, whereas the background template is produced from the W + 2-jet sample simulated with MADGRAPH 5 + PYTHIA 8, in which events with MPI-tagged partons within the acceptance (|η| < 2) are removed. The fitted value of the DPS fraction ( f DPS ) is:
The ratio, R, of the yield of events with a W boson in the final state and no jets to the yield of events with a W boson and exactly two jets with p T > 20 GeV/c and |η| < 2.0 is measured to be
The cross section for events with exactly two jets with p T > 20 GeV/c and |η| < 2.0 is
With the values of f DPS , R, and σ 2j in eq.(2.1), the effective cross section is determined to be: 
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